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ABSTRACT
The United States Bureau of  Mines sponsored th is  work in the 
area of  so l id  waste disposal. This work was aimed at t ry ing  to 
u t i l i z e  mine dump and m i l l  waste t a i l i n g  p i le s ,  which are so 
abundant in the state of Colorado.
The waste materials were studied as a raw material fo r  the 
production o f  bu i ld ing  products formed by the use o f  low - temperature 
bonding act ion.
The materials from fourteen d i f fe re n t  t a i l i n g  pi les were 
analyzed to determine t h e i r  consti tuents . Atomic absorption 
spectrophotometry was the most important analyzing technique used.
The re la t ive  s o lu b i l i t i e s  of s i l i c a  in saturated solut ions 
of calcium hydroxide and of  magnesium hydroxide in water were determined. 
Test bars were made with ta i l i n g s  and calcium hydroxide as bonding 
agent. The bars were aged under various conditions and th e i r  strength 
measured. I t  was found that  aging in steam at 125 C speeded up the 
strengthening mechanism great ly .
i i i
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I t  was also found that  the two mechanisms fo r  cementitious bonding, 
carbonation and formation of  hydrated calcium s i l i c a t e s ,  contr ibuted 
in the same amount to the strengthening.
Construction bricks could be formed from ta i l i n g s  and l ime, 
using a steam curing treatment.
Also tes t  bars were formed with ta i l i n g s  and a petroleum - based 
binder. On aging at 110 C-for  ten days, the bars developed appreciable 
s t rength . In  th is  way, bu i ld ing  blocks of equal q u a l i ty  to commercial 
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Mine waste dumps and t a i l i n g  p i les  are very abundant in the 
state of Colorado. When the gold rush came to an end la te  in the 
nineteenth century hundreds o f  mines closed down and l e f t  a 
considerable amount o f  the waste materials behind.
Mining and m i l l i n g  operations today are producing thousands 
of  tons of  t a i l i n g s  each day, thus adding unsightly  material to 
the scenery. For example: American Metal Climax, In c . ,  at Climax, 
Colorado, re jects  fo r t y  thousand tons of  t a i l i n g s  each day. Mot only 
is  the scenery marred, but also the mining companies have to invest 
huge amounts of  cap i ta l  in the disposal of t h e i r  t a i l i n g s .
The present study was aimed at t ry in g  to u t i l i z e  these m i l l  
and mine waste t a i l i n g  materia ls . This study was conceived as 
prel iminary  theore t ica l  work fo r  actual forming o f  various types 
of  ceramic ware. The port ion of  the problem covered by th is  thesis . 
was deta i led as a study of  the waste ‘materials as a raw material 
fo r  the production of  bu i ld ing  products formed by the use of 
low - temperature bonding act ion.
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This would be s im i la r  to the methods presently used in the concrete 
block industry ,  with or without steam curing.
The study was also intended to include bonding by water - soluble 
materials such as calcium hydroxide and magnesium hydroxide.
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REVIEW OF LITERATURE
To our knowledge the present study is  new in i t s  purpose: 
t ry ing  to u t i l i z e  mine dump and m i l l  waste t a i l i n g s .  Certa in ly  
l im i ted  studies have been done by several mining companies, but 
these invest igat ions were aimed p r im ar i ly  at s ta b i l i z in g  the t a i l i n g  
p i le s .
The l i t e r a tu r e  review which fol lows refers to the lime - so i l  
and lime - s i l i c a  reactions. Zalmanoff ( 1 , 2 )  and Taylor ( 3  ) 
considered carbonation and formation o f  hydrated calcium s i l i c a te s  
as the mechanisms fo r  strengthening lime - s i l i c a  materia ls. 
Zalmanoff (1) described the general condit ions fo r  the carbonation 
of  l ime. The carbonation reaction is  given as fo l lows:
Ca(0H)2 + C02 + H20 = CaC03 + 2 H20 + 19.6 kcal
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The reaction is heterogeneous inasmuch as a s o l id ,  a gas, and a 
l i q u id  are on the l e f t  hand side of the equation. The p rec ip i ta t ion  
reaction is  most l i k e l y  to occur in the l i q u id  s ta te ,  due to the 
ion ic  charac te r is t ics  of  the pa r t ic ipan ts .  I f  the reaction takes 
place in the l i q u id  s ta te ,  the gaseous CĈ  must undergo a so lu t ion ing 
process which is another complex step. In the above reaction, the 
reaction rate is  contro l led by the a v a i l a b i l i t y  o f  CÔ  and by the 
rate at which water can be removed from the system. Since the 
natural  CÔ  content o f  the a i r  is  so low - only 0.05 % by weight (4) - 
the reaction proceeds ra ther slowly.
Hall (5) found that calcium hydroxide mixed wi th a clay and 
cured in a steam atmosphere at 100 C developed very qu ick ly  the 
strength obtained only a f t e r  allowing the carbonation reaction to 
take place in a i r  fo r  several weeks. Hall proved tha t  th is  was due 
to the formation o f  hydrated calcium s i l i c a te s .  This reaction also 
is l i k e l y  to take place in the l i a u id  s ta te. However, here water 
has to be provided fo r  the hydration reaction to take p lace.r The 
hydrated calcium s i l i c a te s  formed in th is  way were- found to be 
amorphous or very poorly c ry s ta l l i n e .
For a more deta i led descript ion of  the mechanisms involved 
in carbonation and formation of  hydrated calcium s i l i c a t e s ,  which 
is  beyond the scope o f  th is  work, see references 1, 2, and 4.
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I t  should also be noted tha t  calcium hydroxide is used fo r  the 
production of s i l i c a  br ick  which is  a re f rac to ry  mater ia l.  The calcium 
hydroxide takes s i l i c a  in so lu t ion and forms calcium s i l i c a t e  
l i q u id  which, on dry ing, acts as a glue (6) .
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MATERIALS USED AMD EXPERIMEMTAL PROCEDURE
Tai l ings invest igated and method of  sampling
The designation o f  the ta i l i n g s  used, t h e i r  loca t ion ,  the type 
of  t a i l i n g ,  t h e i r  age (estimated time on the p i l e ) ,  and the date 
they were taken are given in Table 1,
Some o f  the ta i l i n g s  were taken by the author, others were 
received from the Companies mentioned. The samples were taken at 
d i f f e re n t  places on the p i les  so tha t  a f a i r l y  representative sample 
was obtained. To get a be t te r  representative sample o f  a p i l e ,  
d r i l l i n g  would have been necessary. Indeed the composition of  the 
material at the bottom of  the p i le  can vary somewhat from the composition 
o f  the material at the top. This var ia t ion  in composition could be 
caused by a change in m i l l i n g  or mining procedures and/or by weathering.
However since the primary aim of  th is  study was to investigate  
the materials in the t a i l i n g  p i les as a preparation fo r  the production 
of s t ruc tu ra l  products, these r e la t i v e l y  small var ia t ions in composition 
become unimportant.
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Table 1: Ta i l ings invest igated in th is  study.
Designation Location Type Age(years) Date taken
Old Climax Climax, Colo. 
Amax, Inc.
F lo ta t i  on 
t a i l i n g
40 October 20, 
1966
Young Climax Climax, Colo. 
Amax, Inc.
F lo ta t ion
t a i l i n g
0 October 20, 
1966
Naturi  ta Natu r i ta ,  Colo.
Vanadium Corp. 
o f  America
Flota t ion 
t a i 1ing





F lo ta t i  on 
t a i l i n g
0 December 15, 
1966




80 October 20, 
1966




10 Apr i l  10, 
1967








F lo ta t ion
t a i l i n g
50 Apr i l  10, 
1967
Table 1 ( continued ) :  Ta i l ings investigated in th is  study.
Desi gnation Location Type Age(years) Date taken




30 duly 20, 
1967















30 duly 20, 
1967




80 duly 20, 
1967














Leadvi1l e , 
Colo.
F lo ta t i  on 
t a i l i n g
50 duly 20, 
1967
■k
Flotat ion Ta i l ings  East of  Leadv i l ie ,  Colo.
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Chemicals used
Peneprime: inexpensive petroleum-based binder, commercial product 
from Empire Petroleum Company, Denver, Colorado. Mo analysis. 
Perchloric acid (HCIO^): Baker Analyzed Reagent, Mo. 9652.
Contains less than 0.003 % impur i t ies .
Hydr f luor ic  acid (HF): Baker and Adamson Reagent A.t C. S., Code 1100.
Contains less than 0.006 % impur i t ies.
Potassium pyrosulfate (i(9So07):  Baker and Adamson Reagent A. C. S..,
1 i-  /
Code 2094. Contains less than 0,008 % impur i t ies .
Calcium carbonate (CaCO^) used fo r  tes t  bars: commercial product 
from Mai 1inckrodt.  Mo analysis.
Calcium carbonate (CaCO^) used fo r  s o l u b i l i t y  measurements:
Mall inckrodt Analy t ica l  Reagent 4071. Contains less than 
0.001 % s i l i c a .
Magnesium oxide (MgO):■ Mall inckrodt  Analyt ica l  Reagent 6015.
Contains less than 0.04 % s i l i c a .
. Calcium hydroxide was produced by calc in ing calcium carbonate 
at 1000 C and. reacting the resu l t ing  calcium oxide with d i s t i l l e d  
water. Magnesium hydroxide was produced by reacting magnesiurn 
oxi de wi th d i s t i l l e d  water.
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The pu r i ty  of the chemicals was checked before use by X-ray d i f f r a c t io n  
analysis.
The standard solut ions used fo r  atomic absorption spectrophotometry 
were suppl ied by F isher ' .Sc ien t i f ic  Company and by Aztec Instruments,
Inc.
Moisture content  of the ta i l in g s
250 g of  each t a i l i n g  sample was weighed and dried overnight 
at 110 C, The moisture content was calculated.by the fo l lowing 
expression:
250.0 - dry weight
% Moisture content = ----------------    x 100.0
250.0
Sieve analysis of the ta i l in g s
In order to determine the sieve analysis of  each t a i l i n g ,  200 g 
of  the dry materials were weighed and s t i r r e d  in water fo r  one hour. 
3y washing the material through one sieve a f te r  the other,  the 
materials on Tv le r  sieves 8, 10*14, 20, 28, 35, 48, 65, 100, 150, 200, 
and 325 mesh were obtained. .
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The par t ic les  that  passed the 325-mesh sieve were c la ss i f ied  
in to  d i f fe re n t  size f rac t ions  by means of a s e t t l i n g  tes t  in 
14-in .-h igh glass cyl inders .
The Lead Slag ta i l i n g s  were extremely coarse and were crushed 
to -3 mesh before the sieve analysis tes t  was made.
Analysis by X-ray d i f f r a c t i o n
A Morelco X-ray d i f f r a c t io n  apparatus was used with the 
copper-target tube operating at 50 kV and 35 mA. The X-rays 
generated were f i l t e r e d  by means of a nickel f i l t e r ,  and the 
resul ts  were recorded as l ine  i n te s i t y  versus the d i f f r a c t io n  
angle on a chart.
The patterns were recorded between 29 values of 10 and 80 
degrees at a speed of  1 degree 29 per minute.
The pr inc ip les  on which the d i f f r a c t io n  technique is based 
are well  known (7 a 8). Bragg's law (nA = 2dsin9) gives a re la t ionship  
between the wavelength A o f  the X-rays, the d i f f r a c t io n  angle 9, and 
the in te rp lanar  distance d. Thus each compound has i t s  own 
cha rac te r is t ic  peaks on a recorded pattern.
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Chemical analysis by X-ray fluorescence
A floreleo X-ray fluorescence apparatus with the copper-target 
tube operating at 40 kV and 30 mA was used fo r  q u a l i ta t ive  analysis , 
and also fo r  quan t i ta t ive  analysis of s i l i c o n  and t i tan ium.
The method is as fol lows (9) :  A high capacity exc i te r  tube 
i r rad ia tes  the unknown sample, removing electrons from the L- and 
K-levels and thus causing the various types of atoms in the sample 
to emit t h e i r  cha rac te r is t ic  rad ia t ions.  These cha rac te r is t ic  
X-rays are then analyzed by means o f  an analyzer crysta l  separating 
them in to  th e i r  respective sin 9 values according to Bragg’ s law, 
n A = 2dsin9. Since each element has i t s  own cha rac te r is t ic  radiat ion 
an i d e n t i f i c a t io n  can readi ly  be made on a qu a l i ta t i v e  basis.
For each t a i l i n g  sample, two complete patterns were taken between 
5 and 110 degrees of  29, recording l ine  i n te s i t y  versus angle 29.
One pattern of each t a i l i n g  was taken at  standard atmospheric pressure, 
using a l i th iu m  f lu o r id e  crysta l and a s c i n t i l l a t i o n  counter. This 
allowed the detect ion of the elements above t i tan ium in the periodic 
tab le ,  present in the sample. Another pattern was taken with the 
system under vacuum and with argon f lushing through, using an A. D. P. 
analyzer crysta l  and a gas flow counter. This allowed the detection
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of the elements between sodium and vanadium o f  the per iod ic  tab le ,  
present in the sample.
The technique was also used to obtain a quan t i ta t ive  analysis fo r  
s i l i c o n  and t i tan ium. Standards were used with compositions s l i g h t l y  
lower and higher in s i l i c o n  and t ianium than the unknown sample,- 
and with a matr ix s im i la r  to the sample matr ix . The l ine  in te ns i ty  
was measured at a f ixed angle o f  20 fo r  standards and samples, 
both fo r  s i l i c o n  and t i tan ium. The amount of unknown in the samples 
was determined by l inea r  in te rpo la t ion .  The s e n s i t i v i t y  o f  the 
apparatus used was not very high fo r  the determination of s i l i c o n ;  
the resul ts  fo r  s i l i c o n  analysis need to be considered as ± 2 % s i l i c o n .
Chemical analysis by atonic absorption spectrophotometry
A Techtron AA-4 atomic absorption spectrophotometry un i t  was 
used fo r  the quant i ta t ive  analysis of i ron ,  calcium, magnesium, 
sodium, potassium, aluminum, s i l v e r ,  and gold.
With th is  technique the element which has to be determined may 
be a major component or a " t race" .  In th is  instance " trace" metal 
concentration is in the order of one part per m i l l i o n  (1 pom).
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Some elements can be determined at levels below t h i s ,  e. g. 0.003 ppm 
z inc, - but there are others which are d i f f i c u l t  to determine even 
at the 10 ppm lev^el, e. g. vanadium (9).
With the present commercially avai lable equipment the sample 
should be a l i q u id .  For sol ids and gas samples conversion to a 
l i q u id  is required; the ease of th is  step depends on the sample 
under considerat ion. The method used in th is  study to convert the 
so l id  samples in to  l iqu ids  is given in a fo l lowing paragraph under 
the he ad ing, Preparation c f  samples fo r  atomic absorption spectrophotometry.
The basis fo r  the atomic absorption analyzing method is as fol lows 
(10, 11, 12): The element being analyzed is atomized in a flame.
The atoms s trongly  absorb radiant energy at t h e i r  resonance frequencies. 
Measurement of how much energy is  absorbed indicates how much of the 
metal was in the sample. The process is  the reverse of  emission 
spectrophotometry as can be seen from Figure 1 (10). Atomic absorption 
spectrophotometry looks at unexcited atoms; emission spectrophotometry 
detects energies from excited atoms return ing to the ground s ta te.
Because of the nature of the procedure, there are cer ta in 
advantages inherent in th is  method:
1. I t  is very sens i t ive .  Because of  the intensive absorption at the 
resonance wavelength, determinations at the ppm level can be done 
eas i ly  fo r  most elements.
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Figure 1: The emission and absorption processes.
excited state o rb i t
+ h V
ground state o r b i t
Emission Absorption
2. I t  is r e la t i v e l y  free from interferences by other elements. 
Because the wavelength band absorbed by a p a r t i c u la r  element 
is  so narrow, other elements w i l l  not absorb even though they 
are in the l i g h t  path. Unfortunately the element i t s e l f  usual ly 
emits at the iden t ica l  wavelength at which i t  absorbs. However,
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th is  side e f fe c t  has been overcome by modulating the-.equipment.
3. I t  is  very ve rsa t i le .  As of today about f i f t y  metals can be 
determined by th is  method. The concentration level o f  components 
which can be d i r e c t l y  analyzed can be varied simply by.changing 
to a d i f fe re n t  absorption wavelength, or by changing the length 
o f  the absorption optica l  path. This can be seen from the 
Beer-Lambert law (13):
log I = log I q - K 1c
in which I q = i n i t i a l  i n t e s i t y  of  the beam of  rad ia t ion ,
I = reduced i n t e s i t y ,
K = ex t inc t ion  c o e f f i c ie n t  of  the vapor at 
wavelength ,
1 = length of  the absorbing medium, and
c = concentration of  analyte.
Some of the inherent d i f f i c u l t i e s  o f  the method which have
not been overcome as yet  are l i s te d  below:
1. Elements must be determined one at a time.
2. Only l i q u id  samples can be analyzed by the presently avai lable 
equipment. Without doubt the future w i l l  provide us wi th the 
f a c i l i t y  of  atomizing sol ids d i r e c t l y  (14).
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3. Cations often cause interference by co n t ro l l ing  the rate of reduction 
of molecules to atoms.
4o About f i f t y  percent of the known elements cannot yet be analyzed 
by th is  method.
The determination of the unknown concentrat ion of a certain 
element in an aqueous solut ion was done as fo l lows:  The samples 
were d i lu ted so that the concentration of the analyte was in a d e f in i te  
range. This concentration range was 1 to 20 ppm fo r  the elements 
i r o n * calcium# magnesium, sodium, and potassium, 50 to 300 ppm fo r  
aluminum, and 0.05 to 1 ppm fo r  s i l v e r  and gold. Standards were 
prepared fo r  each element covering the appropriate concentration 
range.
In the case of aluminum, chemical interference by sodium was 
observed. To overcome th is  problem 1000 ppm of  sodium was added to 
the standards and samples, 'es tab l ish ing in th is  way the same amount 
of interference fo r  standards and samples.
The atomic absorption un i t  used in th is  study indicates percent 
transmittance (T) or absorbance (A) d i r e c t l y ,  where A = log 1/T. 
Absorbance was p lo tted versus concentrat ion. A ca l ib ra t ion  curve 
which is  typ ica l  fo r  i ron ,  calcium, magnesium, s i l v e r ,  and gold 
is shown in Figure 2. For s i l v e r  and gold, only the section of the 
curve below 5 ppm should be considered.
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Figure 2: Typical ca l ib ra t ion  curve fo r  i ron ,  calcium, magnesium, 






A typ ica l  ca l ib ra t ion  curve fo r  aluminum is represented in 
Figure 3. Mote tha t  the Seer-Lambert law is not obeyed at these 
high, concentrat ions.
In the case o f  sodium and potassium, a de f in i te  interference 
was observed which was p r im a r i ly  not chemical; a l l  kinds of elements 
were added to standards and samples to tes t  th is .
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300 4000 100 200
X3*
concentration - ppm
For the determination o f  sodium and potassium the so-cal led 
method of addit ions or autostandardization method was used (13).
In th is  technique, increasing amounts of  the analyte i t s e l f  are 
added to the unknown sample, being careful to establ ish the same 
d i lu t io n  volume fo r  a l l  the f in a l  solut ions. A p lo t  o f  absorbance 
against unknown concentration X, X + 1 analyte u n i t ,  X + 2 analyte
T -1 1 5 1 20
u n i t s 9 etc, , w i l l  establ ish an absorbance slope. In tersection of 
th is  curve with the negative port ion of  the_concentration co-ordinate 
w i l l  ind icate the concentration of analyte in X. See example in 
Figure 4.






/ contains 3.2 ppm analyte.
0.0
----------------------,---------------------------------------------------- :----------------------------------p.
analyte added - ppm
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For the determination of  i ron ,  sodium, potassium, s i l v e r ,  and 
gold, the solut ions were atomized in a ir -acety lene flame. Typical 
gas pressures were 2.5 psi acetylene and 15 psi a i r .  The air-acetylene 
flame temperature averages 2300 C (13).
Since calcium, magnesium, and aluminum form re f rac to ry  oxides, 
atomization of these elements at 2300 C is ra ther poor. Yherefore, 
fo r  the determination of  calcium, magnesium, and aluminum, the solut ions 
were atomized in an acetylene-nitrous oxide flame. Typical gas pressures 
were 9 psi acetylene and 16 psi n i t rous oxide. The acetylene-ni trous 
oxide flame temperature averages 2955 C (13).
Preparation of l i q u id  samples fo r  atomic absorption spectrophotometry
The fo l lowing procedure was used fo r  the preparation of samples 
used fo r  the determination of  i ro n ,  calcium, magnesium, sodium, potassium, 
aluminum, s i l v e r  and gold by atomic, absorption spectrophotometry; 500 mg 
were weighed in a platinum cruc ib le .  The crucib le  had a capacity of 
25 ml. Five drops of  perch lo r ic  acid and ten to twelve ml of hydro f luor ic  
acid ware added. The mixture was then heated to dryness on a hot p la te. 
Ten ml o f  perch lor ic  acid were then added and the mixture was heated 
fo r  ten minutes,. The cruc ib le was allowed to cool down and the content
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of the cruc ib le was placed in a 400-ml beaker and about 200 ml 
d i s t i l l e d  water added. The aqueous, s l i g h t l y  acid, so lu t ion was 
the -allowed to bo i l  fo r  f i v e  minutes. The eventual residue was 
f i l t e r e d  o f f  and fused with potassium pyrosulfate and added to the 
main so lu t ion .
Determination o f  the ig n i t io n  loss of  the t a i l i n g  samples
The samples were powdered and dried overnight at 110 C.
Then 200 g of each t a i l i n g  sample were weighed in a porcelain 
crucib le and calcined in an e le c t r i c  furnace at 1000 C fo r  one hour. 
The weight of the calcined sample was then determined. The 
ig n i t io n  loss was determined from the fo l lowing expression:
dry weight - calcined weight




The density o f  the ta i l i n g s  was determined by pouring a known
weight of material in a 100-ml glass cy l inder and then a reading
was taken of  the volume i t  occupied.
The packed density was determined by pouring a known weight
o f  material in a 100-ml glass cy l inder  and determining the volume 
i t  occupied a f te r  shaking the glass fo r  f ive  minutes.
Proparati on of  tes t  bars
The specimens in which calcium hydroxide was used as the bonding 
agent were prepared by thoroughly mixing, u t i l i z i n g  a mortar and a 
pest le ,  the proper amounts o f  the desired powders with enough 
moisture to hold the specimens together a f te r  forming. The specimens 
were formed by pressing- in a rectangular brass die using a Carver 
Laboratory hydraul ic  press having a 20,000-lbs capacity. The pressure 
exerted by the Carver press on the specimens was 15,000 lbs. The 
formed bars were 5 x 1 x 0.4 in .  in s ize,  which resulted in a 
forming pressure o f  2,500 psi.
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The specimens in which Penep.rime was the bonding agent were 
prepared by thoroughly mixing the proper amounts of  t a i l i n g  and 
Peneprime l i q u id .  The specimens were formed by pressing in a 
rectangular brass die using hand pressure or a Carver Laboratory 
hydrau l ic  press, using various pressures up to 6,000 lbs maximum, 
which resul ted in a maximum forming pressure of  1,000 ps i.
Aging* o f  te s t  bars
The specimens with calcium hydroxide as the bonding agent were 
aged at d i f f e re n t  temperatures fo r  d i f fe re n t  times. Aging at room 
temperature and atmospheric pressure was done in the a i r .  Aging 
at 100 C in steam, and aging at 125 C in steam were done in an 
e lec t r ica l ly -hea ted  autoclave. The autoclave was manufactured by 
Barnstead S t i l l  and S t e r i l i z e r  Company, and was of  the type with 
hinged door and double wa l l .
The specimens with Peneprime as the bonding agent were aged 
a t . 110 C in a dryer fo r  d i f fe re n t  time periods. A f te r  10 days of  
aging the strength did not. increase any more; therefore an aging 
time o f  10 days was choosen fo r  a l l  tes ts .
T - 1 1 5 1 25
Strength determinations ̂ . . . . . . .  I( Tia llia , r -Mll [lir —
The normal method of measuring the strength of a ceramic 
material is by e i th e r  a crushing tes t  or a modified tens i le  tes t  
which measures the modulus of rupture. Of the two tests the modulus 
of  rupture tes t  is more acceptable because i t  gives more accurate 
data.
The determination of the modulus of rupture of  the specimens 
was done according to the method described fo r  tes t ing  f i r e c la y -  
base cashable re f rac to r ies  a f te r  f i r i n g  (14). In pract ice the tes t  
consists of supporting the sample on two kni fe  edges and applying 
a load on another kn i fe  edge at the center of  the bar u n t i l  
f racture occurs. In th is  study the sample was supported by two 1 /8- in .  
diameter hardened-steel rods and the load was appl ied on a s im i la r -  
size rod. The modulus o f  rupture of  c-ach specimen was calculated 
according to the fo l lowing expression:
3 P L
where M = modulus of rupture in ps i ,
P = load in lbs at which the specimen fa i le d ,
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L = distance in in .  between the center l ines of  the lower 
bearing edges, 
b = width of the specimen in i n . ,  and 
d = depth of  the specimen in in .
The load was appl ied at a speed of 0.11 in .  per min' and was 
held the same in every te s t .  This is necessary since the rate o f  
appl icat ion of load has a very decided e f fe c t  on the resu l ts .
The modulus of rupture values increase fo r  increasing rates of 
load app l ica t ion .
The widthand the depth of the specimens was measured by means 
of a micrometer near the fractured surface.
The tes t ing  machine used fo r  th is  work was a Baldwin-Emery 
SR-4 tes t ing  machine, model FGT,
Determination of the water of absorption
The water of  absorption was determined fo r  each specimen 
wi th Peneprime as the bonding agent.
The method was as fo l lows: The dry weight o f  the sample was 
determined. Then the sample was boi led in water fo r  one hour and
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the wet weight was determined. The water of  absorption was 
calculated from the fo l lowing expression:
wet weight - dry weight
% Hater of absorption = ------------------ :---------------------  x 100
dry weight
S o lu b i l i t y  measurements by means of o p t i c al emissionspectroscopy
S i l i c a  in the form of ta i l i n g s  or in the form of  potters f l i n t  
was added to saturated solut ions of calcium hydroxide in water, 
and to saturated so lu t ions of  magnesium hydroxide in water. The 
mixtures were brought in contact fo r  one hour at d i f fe re n t  
temperatures. The d i f f e re n t  reaction conditions used were the 
fo l lowing:
1. At. 25 C and atmospheric pressure, and s t i r r e d  magnetical ly.
2. At b o i l in g  temperature o f  the solu t ion (about 100 C) and 
atmospheric pressure, using a re f lu x  condensor.
3. At 125 C and 19.4 psi overpressure, in an autoclave.
The solut ions were then f i l t e r e d  and the f i l t r a t e  was heated 
to dryness. The residue o f  the drying operation was then analyzed 
fo r  s i l i c o n  by means of  optica l  emission spectroscopy.
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I t  is  wel l  known that  the s o l u b i l i t y  of calcium, hydroxide and 
of magnesium hydroxide in water changes with temperature (16).
However our object is not to measure absolute quant i t ies  of  s i l i c o n  
going in to  a cer ta in volume o f  saturated so lu t ion ,  but to measure 
the quant i ty  of s i l i c o n  going in to  so lu t ion fo r  a certain amount of 
calcium hydroxide or magnesium hydroxide in so lu t ion.
The technique of op t ica l  emission spectroscopy is  as fo l lows:
The sample nixed with an equal amount of  graphite powder is excited 
in a D. C-. arc, and a cha rac te r is t ic  spectrum of  a l l  the elements present 
in the sample is obtained on a photographic p late . An opt ica l  
densitometer is used to id e n t i f y  the l ines in the spectra and to 
determine t h e i r  re la t ive  in te n s i t y .  In th is  way a q u a l i ta t i v e  
analysis fo r  s i l i c o n  could be establ ished.
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EXPERIMENTAL RESULTS AMD DISCUSSION
Moisture content of the ta i l i n o s
The values obtained fo r  the moisture content of the d i f fe re n t  
t a i l i n g s  are represented in Table 2.
The var ia t ion  in moisture content is due to the d i f fe re n t  
consti tuents in the t a i l i n g s ,  and especia l ly  to the degree o f  
dryness of the t a i l i n g s  as they came in .
Results of sieve analysis tests of t a i l i n g s
The grain size d is t r ib u t io ns  obtained fo r  the d i f f e re n t  
t a i l i n g s  are represented in Table 3,
Several ta i l i n g s  were not suited very well  fo r  a s e t t l i n g  tes t .  
Note the dif fe rence in grain size d is t r ib u t io n  of the two Climax 
t a i 1ings.
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Table 2:
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l o i s tu re ' content of the t a i l i n g s
T a i l in g  Percent moisture
Old Climax 2.56
Young Climax 0.00
Natur i ta  0.00
Durango 4.80
Idaho Springs i 4.56
Ouray 11.00





L i t t l e  Jonny 2.82
El Capitan 3.75
F. T. E. 4.42
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Ta bl e  3: S i e v e  a n a l y s i s  o f  t h e  t a i l i n g s  ( p e r c e n t a g e s  ) .
8 mesh 
8 + 1 0  mesh 
10 + 14 mesh 
14 + 20 mesh 
20 + 28 mesh 
28 + 35 mesh 
35 + 48 mesh 
48 + 55 rnesh 
65 + 100 mesh 
100 + 150 mesh 
150 + 200 mesh 
200 + 325 mesh 
325 mesh + 10 w. 
10 M + 5 M 
5 M + 2  
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0.2633.7076.5143.00 51.0547.67+ 8 mesh 52.30
3.911.712.693.442.90 4.13
0.774.334.31 2.163.794.25 6.23
2.635.77 2.293.73 6.81 4.7114 + 20 mesh
6.094.891.654.49 3.782.38- 2 0 + 2 8  mesh 4.88
11.174.973.95 3.36 1.404.422 8 + 3 5  mesh
5.233.211.56 3.80 0.583.4135 + 48 mash
13.271.122.751.45 3.36- 4 8 + 6 5  mesh
14.115.413.17 1.382.922.211.22- 65 + 100 mesh
9.982.47 2.651.14100 + 150 mesh
0.412.530.48 0.060.741.10150 + 200 mesh
14.942.45 5.584.23 6.193'. 452.10- 200 + 325 mesh
10.5210.00325 mesh + 10 R




o . oo -0 .001M
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Results o f  X-ray d i f f r a c t io n  analysis
X-ray d i f f r a c t i o n  patterns were run on a l l  the t a i l i n g  samples. 
The fo l lowing compounds were found to be present in detectable 
amount in a l l  the samples except the Lead Slag:
1. Alpha quartz (SiOg),
2. Muscovite, natural  3T~type, (K,Na) (AI, Mg, Fe)g (Si^ j  AI^ Q)
■(OH) £ » ' and
3. Orthoclase ( F e l d s p a r ) K ’ (A1, Fe) Si^Og.
Since th is  analysis is  q u a l i ta t i v e  ra ther than q u an t i ta t ive ,  
i t  is  impossible to state the amount o f  these compounds present in 
the sample. However i t  was c lear from the obtained patterns that  
alpha quartz was the most abundant component.
The d i f f r a c t io n  pattern of Lead Slag did not show any decided 
peak, which indicated tha t  i t  was p r im a r i ly  an amorphous glass.
Chemical analysis r e s u l t s -
The resu l ts  o f  the auant i ta t ive -ana lys is  of the t a i l i n g s  are 
represented in.Table 4.
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Si 0^ 84.15 78.25 69.50 85.74 83.05 45.01 72.09
Of
io a i 2o3 7.22 11.01 10.11 6.16 7.10 6.51 10.40
%FeO 1.23 1.82 5.77 1.03 1.54 30.90 5.79
c /iO n ° 2 0.14 0.18 0.61 0.16 0.27 0.81 0.47
%CaO 0.22 0.35 0.11 1.00 1.08 12.84 0.28
% Mg O' 0.39 0S80 0.94 1.17 1.08 1.60 .1.26
%iO K?0 2.97 3.22 2.13 0.75 0.95 0.90 2.18
Of
I Na20 0.13 0.21 1.23 1.09 1.42 0.74
0.54
cf
io Ag A o o ro < .003 <. .002 ^  .002 4. .002 .002 < .002
c!io Au < .002 < .002 < .002 < .002 < .002 0.005 .002
of
io Ign. loss 1.23 1.85 8.74 0.91 1.71 0.00 6.01
<Y
/o to ta l 97.68 97.71 99.15 98.01 98.21 99.31 •99.02
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roLTi _ J t—» U J _ » L i-
of
Io Si 02 63.10 79.09 71.75 78.15 69.26 58.00 68.75
ot
Io A12°3 17.76 10.33 13.56 4.26
15.61 7.93 7.41
%FeO 5.69 2.80 3.64 5.48 4.62 12.77 10.24
Of
to Ti°2 0.82 0.27 0.30
0.34 0.26 0.40 0.36
%CaO 0.13 0.06 0.13 0.10 0.13 3.58 1.96
% M g O 0.38 0.64 0.85 0.12 0.70 3.40 1.96
%tO k 2 0 2.61 2.27 1.90 0.57 1.73 0,90 1.02
°/to Na„0 0.38 0.09 0.08 . 0.04 0.09 0.09 0.10
% Ag 0.003 0.011 0.015 0.010 <  .002 0.002 <  .002
c/
Io A u <  .002 <  .002 < .002 0.003 <  .002 0.004 .002
% Ign. loss 7.73 3.64 5.81 9.41 5.96 12.80 6.17
%Total 98.60 99.19 98.02 98.47 98.36 99.87 97.97
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The X-ray fluorescence method was used fo r  the determination 
o f s i l ic o n  and t itan ium . A l l  other elements were determined by 
atomic absorption spectrophotometry. Except fo r  s i lv e r  and gold 
the resu lts  were expressed in percentage o f the oxide.
The values obtained fo r  s i lv e r  and gold cannot be taken as • 
t r u ly  representative fo r  the content o f these elements in the ta i l in g ,  
p i le s .  This is  due to the sampling method.
In order to check the an a ly t ica l methods used in th is  study,
a clay named "Johnson Red.Shale" was analyzed by wet chemical 
analysis at the Wood Laboratories, and also in th is  work by the 
methods c ited  above. The resu lts  o f both analyses are represented 
in Table 5.
Re s u 1 ts from s o 1 ub i 1 i tv  me as u re men ts
A q u a n t ita t ive  analysis fo r  s i l ic o n  could not be obtained by 
op tica l emission spectroscopy, because o f the very small amount o f
s i l ic o n  present in the samples. However most important are the
q u a l i ta t iv e  re su lts ,  I t  was found th a t the higher the temperature 
o f reac tion , the more s i l ic o n  went in to  so lu tion  fo r  a certa in
amount o f calcium hydroxide or magnesium hydroxide in the so lu t ion .
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Table 5: Comparison between wet chemical analysis by Wood 
Laboratories and the author's analysis.
Wood This study
% SiOg 42.40 43.70
% A1„CL L 3 15.37 15.22
. ’% FeO 3.60 3.61
% T i02 0.41 0.45
% CaO 11.95 12.00
% MgO 1.78 1.70
% k2o 1.18 1.31
% Na2Q 0.89 0.85
% Ig n it io n  loss 19.33 19.46
% Total 97.80 98.30
Since the formation o f hydrated calcium s i l ic a te s  is  l i k e ly  
to take place in the l iq u id  state (see above), the reactants have 
to go in to  so lu tion  before the reaction can take place.
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The resu lts  thus ind icated that a la rger amount o f hydrated 
calcium s i l i c a te s ,  and hence a higher strength could be expected 
fo r  the te s t  bars, cured at the higher temperature.
Strength resu lts  fo r  te s t  specimens with calcium hydroxide as 
bonding agent
Calcium hydroxide was selected as bonding agent. Magnesiurn 
hydroxide was not considered because i t  is  r e la t iv e ly  expensive, 
and also because the water s o lu b i l i t y  o f magnesium hydroxide is 
much smaller than tha t of calcium hydroxide. However i t  is  believed 
th a t  s im i la r  resu lts  could be obtained using magnesium hydroxide.
The compositions used fo r  the te s t  bars were as fo llow s:
Series C: 100 g Young Climax ta i l in g
35 g calcium hydroxide 
25 ml water
Series P: 100 g Young Climax ta i l in g
35 g calcium hydroxide 
10 g Portland cement 
25 ml water
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The specimens a f te r  forming had no measurable strength* The 
specimens showed a considerable increase in strength a f te r  various 
a i r  curing times, and also a f te r  various steam curing treatment times.
The strength o f the a ir-cured specimens as a function o f curing time
is  given in Table 5 and represented in Figure 5. The strength o f 
the specimens cured in 100 C steam as a function o f curing time is
given in Table 7 and shown in Figure 6. The’strength o f the
specimens cured in 125 C steam as a function o f curing time is given
in Table 8 and shown in Figure 7*
The values fo r  the modulus o f rupture given in Tables 6, 7, and 8, 
and represented in f igures 5, 6, and 7 are average values calculated 
from 15 d i f fe re n t  tes ts .
I t  is c lear from Figures 5 , 6 ,  and 7 tha t steam curing is  a 
much fa s te r  strengthening method than a i r  curing. A comparison o f 
Figures 6 and 7 also shows tha t the higher the steam temperature the 
fa s te r  the strengthening takes place. This is  in perfect agreement 
w ith the resu lts  from the s o lu b i l i t y  measurements, confirming tha t 
the strengthening in a steam atmosphere p r im a r i ly  occurs with the 
formation o f hydrated calcium s i l ic a te s .  Hydrated calcium s i l ic a te s
could not be detected in  the steam-cured specimens by X-ray
d i f f r a c t io n  analysis because these compounds are mostly amorphous. 
However Hall (5) detected them by electron microscopy studies.
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In the a ir-cured specimens the presence o f calcium carbonate 
was detected by X-ray d i f f r a c t io n  analysis o f  the bulk of the sample. 
By powdering the samples the calcium carbonate peaks disappeared 
from the pattern almost completely. This ind icates tha t the carbonate 
was probably being formed at the surface o f the so l id  hydrate i n ­
voids between p a r t ic le s .  ;
More calcium carbonate was found at the surface of the specimens 
than on the ins ide which was s o f t  and chalky compared to the 
re la t iv e ly  hard surface. .
From a comparison o f the modulus of rupture values fo r  the 
longest curing times in the three cases, i t  can be estimated tha t 
i f  longer curing times were allowed, the maximum strengths obtained 
would be of the same magnitude fo r  a ir-cured specimens and fo r  
steam-cured specimens. This confirms tha t both 1ow-temperature 
cementitious reactions, formation o f calcium carbonate and formation 
o f hydrated calcium s i l ic a te s  re s u lt  in the same amount o f 
strengthening.
Also i t  can be seen from Figures 5, 6, and 7 th a t the e f fe c t  
on. the strength o f adding Portland cement to the specimen composition 
is  ra ther sm all, and in the order o f  0 to 5 %.
T—1151
Table 6: Modulus of rupture ( in nsi ) of a i r  - cured specimens 
versus a i r  - curing time.



























Figure 5: Modulus of rupture o f a i r  - cured specimens, 
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Table 7: Modulus of Rupture ( in psi ) of 100 C - steam - cured 
specimens, versus steam - curing time.
Steam - curing time Series C Series P
1 hour 176 179
2 hours 305 303
4 hours 426 437
8 hours 549 561
12 hours 632 647
16 hours 668 679
Figure 6: Modulus o f rupture o f 100 C - steam - cured specimens, 






1 2 4 8 12 16
Time s t e a m  cu red  -  hours
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Table 8: Modulus o f Rupture ( in psi ) o f 125 C - steam - cured 
specimens, versus steam - curing time.
















Figure 7: Modulus o f rupture o f 125 C 
versus steam - curing time.
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These ta i l ings , except the lead s lag, could thus well be used 
fo r  the production o f sand-1ime b r ic k ,  economical factors not taken 
in to  consideration.
Mo attempt was made in th is  study to optimize the amount of 
calcium hydroxide used.
Results from density measurements
Density measurements were made fo r  the fo llow ing t a i l i n g  samples: 
Old Climax, Young Climax, N a tu r ita , and Durango. The resu lts  fo r  
the unpacked density and the packed density are given in Table 9.
Table 9: Unpacked density and packed denasity fo r  four ta i l in g s .
-------------------------- - —






Old Climax 1.36 1.61
Young Climax 1.25 1.54
N atu rita 1.44 1.62
Durango . 1.40 1.59
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Because of i t s  hiqh packed dens ity , the N atu rita  ta i l i n g  was 
then choosen fo r  a more de ta iled  study of the packed density.
The N atu rita  t a i l in g  was divided in to  the fo llow ing  grain size 
f ra c t io n s :
a = -4 mesh + 48 mesh 
b = - 43 mesh + 65 mesh 
c = - 65 me'sh + 100 mesh 
d = - 100 mesh + 200 mesh, and 
e = - 200 mesh.
By making combinations in 20 % steps with these f iv e  f ra c t io n s ,  
a maximum packed density o f 1,71 g/cc was found fo r  the fo llow ing  
compositi on:
80 % o f grain size fra c t io n  a, and 
20 % o f grain size fra c t io n  e.
Complete resu lts  fo r  the packed density are given in Appendix A.
Strength resu lts  fo r  tes t specimens w ith Peneprime as bonding agent
The composition o f the mixture used fo r  the te s t  bars was:
80 % N atu r ita  a + 20 % N atu rita  e, since th is  composition had shown
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the highest packed density (see above).
Six d i f fe re n t  series o f te s t  specimens were prepared using 
a d i f fe re n t  ra t io  o f Peneprime to batch fo r  each series. In each 
series bars were formed at d i f fe re n t  pressures, up to  a maximum 
o f 1,000 psi forming pressure. The specimens were aged at 110 C 
in a dryer. The specimens did not have any measurable strength 
a f te r  one day, and reached th e i r  maximum strength a f te r  s ix  to 
ten days. A l l  the specimens were aged fo r  ten days and th e i r  
strength measured. The highest strength in each series was observed 
with the bars made at 1000 psi pressure. Table 10 represents the 
values obtained fo r  the modulus o f rupture o f the bars formed at 
1000 psi pressure, fo r  each d i f fe re n t  ra t io  of Peneprime to batch.
Complete resu lts  are given in Appendix B. The r a t i o ’ s are expressed 
in gallons o f Peneprime per square yard o f batch fo r  one inch penetration. 
These are the un its used in s o i1-s ta b i l iz a t io n  ca lcu la t ions . The 
highest strength obtained was 675 psi fo r  1.50 gallons o f Peneprime 
per square yard o f batch.
The water o f absorption was measured fo r  each specimen and found 
to  be higher than 10% in every case.
I t  was estimated tha t under more ideal conditions: b e tte r  forming 
at higher pressures, the use o f  b e tte r  petroleum-based bonding agents, 
the maximum strength could be brought up to 1000 p s i ,  and the water of
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absorption brought down to 5 %♦ This estimate has been confirmed 
by recent developments in industry . On August 22, 1967, Esso (18) 
presented a "Revolutionary Build ing Block".
Table 10: Strength ( in  ps i) o f te s t  specimens w ith Peneprime as 
bonding agent. ;
Ratio o f Peneprime to batch Modulus o f rupture* fo r  bars
(ga l/sq  yd) formed at 1000 psi and aged







* The values fo r  the modulus o f rupture represented here are
average values o f f i f te e n  d i f fe re n t  tes ts . The maximum deviation 
observed was^± 45 ps i.
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The manufacture o f  Esso's so-ca lled  B;1X blocks is  as fo llows:
Soil is  mined# screened and mixed v/ith an inexpensive asphaltic  binder
and an appropriate chemical add it ive . Then the blocks are shaped at
approximately 2#000 psi pressure and cured at a re la t iv e ly  low
temperature. An.estimated one-th ird  o f the world 's  so i l  is  su itab le
fo r  the process# with the add it ive  varied to s u i t  the sp e c if ic  s o i l  being used.
N on-agricu ltura l s o i ls  are preferred. The b r ick  so produced is  claimed
to be equivalent in q u a l i ty  to the conventional concrete block and less
expensive than these.
In the case o f the t a i l i n g  materials# the ■ s o i l" is  already 
mined and often screened. The local production o f these bricks could 
be p ro f i ta b le  i f  a loca l market were developed. However, a large 
- ra ther psychological - disadvantage o f these bricks is th e i r  black 
co lo r.
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CONCLUSIONS
Test bars made from a dense t a i l in g  composition and Peneprime, 
an inexpensive aspha lt ic  b inder, showed enough strength to be used ' 
as bu ild ing  blocks. This could well become a major use fo r  the 
many ta i l i n g  p iles  i f  a local market-were established. Recent 
inves tiga tions  by a major o i l  company confirm th is .  The black co lo r 
o f these b locks. however is  a major disadvantage to th e i r  marketing 
value.
Measurements o f s o lu b i l i t ie s  o f s i l ic o n  in saturated aqueous 
solu tions o f calcium hydroxide and o f magnesium hydroxide showed an 
increase in s o lu b i l i t y  o f s i l ic o n  per u n it  hydroxide in the so lu tion  
w ith  increasing temperature. Test bars made from ta i l i n g  and calcium 
hydroxide as bonding agent were cured at room temperature, at 100 C 
in steam, and at 125 C in steam. I t  was found tha t w ith a i r  cur ing, 
formation o f calcium carbonate was the p r in c ipa l mechanism of 
strengthening, and tha t w ith steam curing, formation o f hydrated
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calcium s i l ic a te s  was the p r in c ipa l mechanism o f  strengthening.
The two mechanisms responsible fo r  low-temperature cementitious 
bonding, carbonation and formation o f hydrated calcium s i l i c a te s ,  
were found to develop strengths of the same magnitude. This agrees 
'with the resu lts  obtained by Hall (5 ).
I t  was also found tha t the higher the steam temperature fo r  
curing the fa s te r  the strength was developed. This is  in agreement 
w ith the resu lts  from the s o lu b i l i t y  measurements. I t  ind icates 
tha t s i l ic a te s  are more soluble at higher steam temperatures and 
pressures, thus forming a high strength bond more ra p id ly .  This could 
become an economical consideration.
Since the maximum strength obtained reached well above 700 p s i ,  
and since no attempt was made to optimize the amount o f calcium 
hydroxide used, i t  can be concluded tha t most o f the ta i l in g s  could 
be used fo r  the production o f sand-1ime b r ick .
I f  a study Were done with magnesium hydroxide replacing calcium 
hydroxide as bonding agent, probably analogous conclusions could be 
expected.
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APPENDIX A
Packed Density fo r  the N aturita  .Tailing
- ★
Batch composition Packed density
100 % a ' 1.58
100 % b 1.53
100 % c 1.53
100 % d 1.51
100 % e 1.38
20 %3. + 80 %b 1.55
40 % a + 60 % b 1.55
60 %a + 40 %b 1.57
80 %a + 20 % b 1.58
60 % a + 40 % c 1.58
60 % a + 40 % d 1.66
60 %a + 40 % e 1.70
80 % a + 20 % e 1.71
60 % a + 20 S!o b + 20 % d 1.64
40 % a + 40 %9 d + 20 % e 1.65
60 % b + 20 %0 c + 20 % d 1.69
% a + 20 % b + 20 % c + 20 % d 1.63
40 % a + 20 % c + 20 % d + 20 % e 1.69
40 % a + 20 % b + 20 % d +.20 % e 1.66
20 % a + 20 % b + 20 % c + 20 % d + 20 % e 1.67
•k
For legend see page 44.
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APPENDIX B
Strength o f Specimens with Peneprime as Bonding Agent
Ratio o f Peneprime to Forming pressure Modulus o f
batch ( g a l/  sq yd ) ( psi ) rupture ( psi )
















Ratio o f Peneprime to Forming pressure Modulus o f
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